In this study, we observed that lysophosphatidylglycerol (LPG) completely inhibited a formyl peptide receptor like-1 (FPRL1) agonist (MMK-1)-stimulated chemotactic migration in human phagocytes, such as neutrophils and monocytes. LPG also dramatically inhibited IL-1β production by another FPRL1 agonist serum amyloid A (SAA) in human phagocytes. However, LPG itself induced intracellular calcium increase and superoxide anion production in human phagocytes. Keeping in mind that phagocytes migration and IL-1β production by FPRL1 are important for the induction of inflammatory response, our data suggest that LPG can be regarded as a useful material for the modulation of inflammatory response induced by FPRL1 activation.
Introduction
Formyl peptide receptor like-1 (FPRL1) is one of the classic chemoattractant receptors and is made up of a seven trans-membrane-spanning G proteincoupled receptor (Le et al., , 2002 . FPRL1 is highly expressed on phagocytic cells such as neutrophils, monocytes, and dendritic cells (Le et al., , 2002 . In terms of functional activity of FPRL1, it has been found to mediate the chemotactic migration of phagocytes in a pertussis toxin (PTX)-sensitive manner, thus indicating the receptor couple to the Gi subfamily of G proteins (Le et al., , 2002 . FPRL1 also plays an important role in immunological function, including host defenses against pathogen infection (Le et al., , 2002 . The ligands for FPRL1 include MMK-1, LL-37, and serum amyloid A (SAA) (Klein et al., 1998; Su et al., 1999; Yang et al., 2000; Le et al., 2001) . Since FPRL1 is involved in the recruitment of several leukocytic cells into infected or inflammatory sites, it has been important issue to identify a molecule that inhibits FPRL1-mediated leukocyte trafficking.
Lysophospholipids including lysophosphatidic acid (LPA) act as lipid ligands that stimulate several cellular responses (Graler and Goetzl, 2002; Steiner et al., 2002) . In case of LPA, it has been reported to induce cellular proliferation, cellular migration and invasion in several cell types including ovarian cancer cells (Xie et al., 2002; Ren et al., 2006) . Among these lysophospholipids, lysophosphatidylglycerol (LPG) has been reported to prevent binding of LPA to a putative LPA receptor on cell-surface of mouse NIE-115 neuroblastoma cells (van der Bend et al., 1992) . A past report showed that high concentration of LPG (60 μM) blocked intracellular calcium increase induced by LPA in HEY ovarian cancer cells (Xu et al., 1995) . We also reported that LPG stimulates several signaling molecules, including intracellular calcium increase, ERK, and Akt, in human ovarian cancer cells . LPG also stimulates the chemotactic migration and tube formation in human umbilical vein endothelial cells . In both studies, we suggested that LPG utilizes G-protein coupled receptors other than the known LPA receptors, by showing no response to LPG in each LPA receptor expressing HepG2 cells and no blockage of LPG response with the selective LPA receptor antagonist, Ki16425. However, roles of LPG in the modulation of immunological responses induced by certain chemoattractants have not been studied.
In this study we investigated the effect of LPG on the recruitment of leukocytes and an inflamma-tory cytokine production from human phagocytes by FPRL1 activation. We found that LPG could inhibit FPRL1-induced cellular responses from human phagocytes. We anticipate that this lipid has the potential as a useful material for the modulation of FPRL1-mediated (patho) physiological responses.
Results

LPG inhibits MMK-1-mediated chemotactic migration in human neutrophils
Neutrophils are key players for the immune responses against invading pathogens. Chemotactic migration is representative of the function of neutrophils. Neutrophil chemotaxis was dramatically induced by MMK-1, a well-known agonist for FPRL1, showing a concentration-dependency ( Figure  1A ). Maximal activity was observed at 1 μM of MMK-1 ( Figure 1A ). We also examined the effect of LPG on neutrophil chemotactic migration. When human neutrophils were stimulated with several concentrations of LPG, it did not affect chemotactic migration of human neutrophils ( Figure 1B) . Next, we checked whether LPG affect chemotactic migration of neutrophils by MMK-1. The preincubation of human neutrophils with several concentrations of LPG prior to the addition of MMK-1, resulted in the inhibition of the MMK-1-induced neutrophil chemotaxis ( Figure 1C ). 10-20 μM of LPG almost completely inhibited MMK-1-induced neutrophil chemotaxis ( Figure 1C ).
LPG inhibits MMK-1-induced chemotactic migration in human monocytes
In addition to neutrophils, monocytes also play an important role in immune responses. The activation of FPRL1 by its specific agonist (MMK-1) induced monocyte chemotaxis. MMK-1-induced monocyte chemotaxis was concentration-dependent, showing maximal activity at 1 μM ( Figure 2A ). We also tested the effect of LPG on the migration of human monocytes. LPG (1-20 μM) alone failed to stimulate monocytes chemotaxis ( Figure 2B ). Then, we 6 cells/ml of serum free RPMI 1640 medium) were added to the upper wells of a 96-well chemotaxis chamber. Various concentrations of MMK-1 or LPG were used for the chemotaxis (A, B). Chemotaxis assay was performed using MMK-1 in the presence of several concentrations (0, 1, 5, 10, and 20 μM) of LPG in the upper chamber (C). The migration across a 3 μm pore sized polycarbonate membrane was assessed after incubating at 37 o C for 1.5 h. The number of migrated cells was determined by counting the number of cells in 5 high power fields (400×). The data are expressed as the means ± SE from three independent experiments performed in duplicate (A-C). *P ＜ 0.05 compared to the values obtained from the control (0 μM). # Significantly different from the control (MMK-1 only treated) (P ＜ 0.05).
checked the effect of LPG on the MMK-1-induced monocyte chemotaxis. When human monocytes were preincubated with several concentrations of LPG, MMK-1-induced monocyte chemotaxis was dramatically inhibited showing concentration-dependency ( Figure 2C ). 10-20 μM of LPG totally inhibited MMK-1-induced monocyte chemotaxis ( Figure 2C ).
LPG inhibits SAA-induced IL-1β production in human monocytes and neutrophils
In the initiation of immune responses and inflammatory responses the production of various cytokines are very important (Lin and Karin, 2007) . Previously we demonstrated that the activation of FPRL1 elicits the production of some cytokines (Lee et al., 2006 (Lee et al., , 2008 . Here we also found that stimulation of human monocytes with SAA (an FPRL1 agonist) induced one inflammatory cytokine (IL-1β) in a concentration-dependent manner from human monocytes ( Figure 3A ). SAA-induced IL-1β production was maximal at 1-2 μM ( Figure 3A ). Another FPRL1 (MMK-1) failed to stimulate IL-1β production from human monocytes (Data not shown). We also examined the role of LPG on IL-1β production from human monocytes. LPG alone did not affect on IL-1β production from human monocytes ( Figure 3B ). Then, we investigated the effect of LPG on the FPRL1-mediated cytokine production in human monocytes using SAA (an FPRL1 agonist). Preincubation of human monocytes with several concentrations of LPG prior to addition of SAA dramatically inhibited IL-1β production ( Figure 3C ). 20 μM of LPG inhibited SAA-induced IL-1β production by around 63% from human monocytes ( Figure 3C ).
We also examined the effect of LPG on IL-1β production from human neutrophils. LPG (upto 20 μM) alone did not stimulate IL-1β production from human neutrophils ( Figure 3D ). Preincubation of human neutrophils with 20 μM of LPG inhibited SAA-stimulated IL-1β production ( Figure 3D ). 6 cells/ml of serum free RPMI 1640 medium) were added to the upper wells of a 96-well chemotaxis chamber. Various concentrations of MMK-1 or LPG were used for the chemotaxis (A, B). Chemotaxis assay was performed using MMK-1 in the presence of several concentrations (0, 1, 5, 10, and 20 μM) of LPG in the upper chamber (C). The migration across a 5 μm pore sized polycarbonate membrane was assessed after incubating at 37 o C for 2 h. The number of migrated cells was determined by counting the number of cells in 5 high power fields (400×). The data are expressed as the means ± SE from three independent experiments performed in duplicate (A-C). *P ＜ 0.05 compared to the values obtained from the control (0 μM). # Significantly different from the control (MMK-1 only treated) (P ＜ 0.05). 
LPG stimulates calcium influx and superoxide anion production from human neutrophils and monocytes
It has been demonstrated that the activation of cell surface chemoattractant receptors, via specific agonists, cause diverse intracellular signals, including [Ca 2+ ] i increases (Hu et al., 2001) . We tested the effect of LPG upon [Ca 2+ ] i in neutrophils. As shown in Figure 4A , the stimulation of neutrophils, 20 μM of LPG, caused a [Ca 2+ ]i increase. A well-known FPRL1 agonist (MMK-1) also dramatically increased calcium signaling in human neutrophils ( Figure 4A ). We then examined the effect of LPG on the induction of calcium signaling by FPRL1 agonist (MMK-1). As shown in Figure 4A , the preincubation of human neutrophils with 20 μM LPG completely did not affect the MMK-1-induced calcium increases.
Since superoxide is the most important armory on the primary defense line of neutrophils against invading pathogens (Dahlgren and Karlsson, 1999) , we examined the role of LPG on the superoxide anion production from human neutrophils. LPG alone stimulates superoxide anion production from human neutrophils. LPG-induced superoxide anion production was comparable with MMK-1-induced one in human neutrophils ( Figure 4B ). When human neutrophils were stimulated with LPG+MMK-1, much more amount of superoxide anion production was produced from human neutrophils ( Figure 4B Figure 4C ). Stimulation of human monocytes with LPG elicited Figure 4 . The effects of LPG on calcium influx and superoxide anion production from human phagocytes. Fura-2 loaded human neutrophils (A) or monocytes (C) were stimulated with 20 μM of LPG or 1 μM of MMK-1 at the indicated points. The changes in 340 nm / 380 nm were also monitored. The results are representative of three independent experiments. Isolated human neutrophils (B) or monocytes (D) (2 × 10 6 cells/ml/assay) were preincubated for 1 min at 37 o C with 50 μM of cytochrome c before being stimulated with MMK-1 (1 μM), LPG (20 μM), or MMK-1 (1 μM) + LPG (20 μM) for several lengths of time. Cytochrome c reduction was monitored as a change in absorption at 550 nm at 1 min intervals over 5 min. The data are representative of three independent experiments performed in duplicate (B, D). superoxide anion production, which was comparable with MMK-1-induced one in the cells. Stimulation of human monocytes with LPG+MMK-1 generated much more amount of superoxide anion production ( Figure 4D ).
Discussion
Since phagocytes recruitment into infected or inflammatory site is crucial for the induction of innate immune response, and MMK-1 and its specific receptor (FPRL1) have been reported to play a key role in the regulation of phagocyte recruiting, it has been important issue to identify certain molecules that modulate MMK-1 and FPRL1-mediated cellular response. Until now, various kinds of agonists and a few antagonists have been reported for FPRL1 (Le et al., , 2002 Bae et al., 2004) . Besides from direct development of FPRL1 ligands, modulation of FPRL1 is possible via identifying a molecule that indirectly regulates FPRL1 activity after binding to other target molecules. Here we demonstrated that LPG inhibited MMK-1-stimulated chemotactic migration in human neutrophils and monocytes.
SAA is a well-known inflammatory molecule (Uhlar and Whitehead, 1999) . Past studies have reported SAA binds to FPRL1 and induce proinflammatory cytokine and chemokine production in several cell types including monocytes (Su et al., 1999; Jijon et al., 2005; Lee et al., 2006 Lee et al., , 2008 . In this study, we also found that SAA stimulates an important inflammatory cytokine, IL-1β ( Figure 3A  and 3D ). We also demonstrated that LPG dramatically inhibited SAA-stimulated IL-1β production from human monocytes and neutrophils. It suggests that LPG can act as a negative modulator for the SAA-induced inflammatory signaling by blocking the induction of IL-1β from human monocytes and neutrophils.
Here, we observed that LPG itself induced calcium influx in human neutrophils and monocytes ( Figure 4A and 4C) . Moreover LPG did not affect MMK-1-mediated calcium signaling ( Figure 4A and 4C). Since FPRL1-induced calcium signaling is mediated by the activation of PLC activation, it suggests that LPG did not block PLC activity induced by FPRL1. However, here we demonstrated that LPG inhibited chemotactic migration of neutrophils induced by MMK-1. From these results we can rule out the possibility that LPG acts directly on FPRL1. It will be reasonable to assume that LPG can bind to unknown target receptor (s), which induce the inhibition of FPRL1-induced chemotactic migration in human neutrophils. It will be interesting to reveal the molecular target for LPG on human neutrophils and monocytes.
Reactive oxygen species including superoxide anion are generated by phagocytic cell upon activation by invading microorganisms or inflammatory debris (Quinn and Gauss, 2004) . Because phagocytic cells such as neutrophils play a critical role in innate immune response (especially in the earliest steps in the host defense against invading microorganisms) by generating these reactive oxygen species, it has been important issue to identify certain molecules that regulate superoxide anion production. In this study we demonstrated that LPG alone stimulates superoxide anion production from human neutrophils and monocytes ( Figure 4B and 4D). LPG also dramatically enhanced MMK-1-stimulated superoxide anion production from human neutrophils and monocytes. It suggests that LPG can act as a positive modulator for the MMK-1-induced immune activation in terms of superoxide anion production. For the proper activation of superoxide anion from human neutrophils, several signaling molecules required; they include calcium increase, PLA 2 and PLD activation (Dana et al., 1998) . In this study we demonstrated that LPG increases intracellular calcium increase, and pretreatment of LPG prior to MMK-1 stimulation, causes dramatic increase of intracellular calcium concentration ( Figure 4A ). The results are well correlated with previous reports that calcium is essential for the production of superoxide anion from human neutrophils.
In conclusion, LPG can be regarded as a regulator for FPRL1-mediated cellular responses. LPG selectively inhibits the chemotactic migration and IL-1β production from human neutrophils and monocytes. With this in mind, we can consider the putative anti-inflammatory role of LPG, through its selective modulation of FPRL1 activity in human neutrophils and monocytes. LPG also can be developed as a useful molecule for the studying of FPRL1-mediated signaling and as a candidate for the treatment of several diseases involving FPRL1.
Methods Materials
1-acyl-2-hydroxy-sn-glycero-3-phospho-glycerol (LPG) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). MMK-1 (LESIFRSLLFRVM) (Klein et al., 1998) was synthesized from Anygen Co., Ltd. (Gwang-ju, Korea). The purity grade of all the synthetic peptides was ＞ 99%. Recombinant human SAA (endotoxin level ＜ 0.1 ng/μg) was purchased from Peprotech (Rocky Hill, NJ). FBS and RPMI 1640 medium were purchased from Invitrogen Corp. (Carlsbad, CA). The peripheral blood mononuclear cell separation medium (Histopaque-1077) was obtained from Sigma (St. Louis, MO), whereas fura-2 pentaacetoxymethylester (fura-2/AM) was obtained from Molecular Probes (Eugene, OR).
Isolation of human neutrophils and monocytes
Peripheral blood was collected from young healthy donors. Peripheral blood mononuclear cells were separated on a Histopaque-1077 gradient. After two washings with PBS without Ca 2+ and Mg 2+ , the peripheral blood mononuclear cells were suspended in 10% FBS containing RPMI 1640 medium and incubated for 60 min at 37 o C to let the monocytes attach to the culture dish. The cells were washed 5 times with warmed RPMI 1640 medium to washout lymphocytes, and then the attached monocytes were collected as described previously (Bae et al., 2001) . Human neutrophils were isolated according to the standard procedures of dextran sedimentation, hypotonic lysis of erythrocytes, and a lymphocyte separation medium gradient as described previously (Bae et al., 2001) . The isolated human leukocytes were then used promptly.
Chemotaxis assay
Chemotaxis assays were performed using multiwell chambers (Neuroprobe Inc. Gaithersburg, MD), as previously described (Bae et al., 2001; Kim et al., 2007) . Briefly, prepared human neutrophils were suspended in RPMI 1640 medium at 1 × 10 6 cells/ml, and 25 μl of this suspension was placed into the upper well of a chamber, separated by a 3 μm (5 μm for monocytes) polyhydrocarbon filter, from the peptide containing lower well. Following incubation at 37 o C for 1.5 h (2 h for monocytes), the filter was removed, fixed in methanol, and stained with hematoxylin. The cells that migrated across the filter were counted using light microscopy. The migrated cells were stained with hematoxylin and counted in five randomly chosen high power fields (400 ×) (Bae et al., 2001; .
Cytokine assay
Cytokine measurement was performed as previously described . The monocytes or neutrophils (3 × 10 6 cells/0.3 ml) were placed in RPMI 1640 medium containing 5% FBS in 24-well plates and kept in a 5% CO2 incubator at 37 o C. After stimulation, the cell-free supernatants were collected, centrifuged, and measured for IL-1β by the enzyme-linked immunosorbent assay (BD Biosciences Pharmingen, San Diego, CA) as per the vendor's instructions.
Measurement of intracellular calcium concentration
Intracellular calcium concentration ([Ca 2+ ]i) was determined by Grynkiewicz's method using fura-2/AM (Bae et al., 2003) . Briefly, the prepared cells were incubated with a 3 μM fura-2/AM at 37 o C for 50 min in a fresh serum-free RPMI 1640 medium with continuous stirring. Aliquots of 2 × 10 6 cells were allocated for each assay into Locke's solution (154 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl2, 5 mM HEPES, pH 7.3, 10 mM glucose, 2.2 mM CaCl2, and 0.2 mM EGTA). Fluorescence was measured at 500 nm and at the excitation wavelengths of 340 nm and 380 nm.
Measurement of superoxide anion generation
Superoxide anion generation was determined by measuring cytochrome c reduction using a microtiter 96-well plate ELISA reader (Bio-Tek instruments, EL312e, Winooski, VT) as previously described (Bae et al., 2003) . Human neutrophils or monocytes (2 × 10 6 cells in RPMI 1640 medium) were preincubated with 50 μM of cytochrome c at 37 o C for 1 min and then incubated with each peptide. Superoxide generation was determined by measuring light absorption changes at 550 nm over 5 min at 1 min intervals.
Data analysis
The results are expressed as the means ± SE. The student's t-test was used to compare individual treatments with their respective control values. Statistical significance was set at P ＜ 0.05.
